INTRODUCTION
The protozoan organisms of the genus Cryptosporidium are obligate, intracellular parasites that infect the epithelial cells lining the luminal surfaces of the digestive and respiratory tracts of a wide variety of hosts. Like related coccidian parasites, Cryptosporidium spp. feature asexual and sexual components in their life cycles and produce thick-walled, environmentally hardy oocysts. Unique features include the absence of a sporulation period outside the host (oocysts are infectious as they are shed in the stool), the lack of sporocysts within the oocyst (i.e., sporozoites are "naked" within the oocyst), and autoinfection (the life cycle recurs within the same host, a consequence of thin-walled oocyst production). Cryptosporidial oocysts are also small: those of Cryptosporidium parvum are approximately 4.5 to 5 m in diameter. Although at least eight recognized species of Cryptosporidium are considered valid, human cryptosporidiosis is primarily attributed to C. parvum. Small numbers of infections with other Cryptosporidium spp. in humans have been reported, essentially restricted to immunocompromised persons (e.g., human immunodeficiency virus-infected patients with AIDS) (35, 42, 63) .
Rapid advances in molecular biological and biochemical techniques and information make inevitable the recognition of new species, subspecies, and strains. Accordingly, biological and molecular differences noted among isolates of C. parvum infecting various mammals led to the recognition of two major groupings that infect humans: a zoonotic or genotype 2 (strain) capable of infecting a wide range of mammals, especially livestock, and an anthroponotic or genotype 1 strain that has been detected only in humans and has not been successfully (or at least consistently) propagated in other mammalian hosts (8, 41, 59) .
First described in mice by Tyzzer in 1907 (51) , Cryptosporidium species were not recognized as important etiologic agents of human disease until the early 1980s. Previous studies documented their occurrence in livestock, but even veterinary interest was not piqued until cryptosporidiosis was recognized as a significant cause of morbidity and even mortality in AIDS patients. Cryptosporidiosis occurs worldwide and affects a wide range of mammals, avians, reptiles, and fish. Many outbreaks of human cryptosporidiosis have been attributed to contaminated drinking water, recreational water, and food. Environmentally hardy cryptosporidial oocysts are remarkably resistant to chemical disinfection (e.g., drinking water chlorination) but are susceptible to temperature extremes of freezing and heat (pasteurization). Infections in immunocompetent persons are generally short-lived, while immunocompromised (especially those with AIDS) persons may develop chronic, lifethreatening conditions (20, 23, 39) .
HISTORICAL BACKGROUND
The following section will summarize key publications introducing particular cell lines or models and modifications that encouraged the adoption of useful Cryptosporidium culture systems (Tables 1 and 2 ). In 1983, Woodmansee and Pohlenz described the first successful in vitro culture of Cryptosporidium sp. asexual life cycle stages (61) . The authors employed a bovine isolate collected from the feces of experimentally infected calves (stored in 2% aqueous potassium dichromate [K 2 Cr 2 O 7 ]). Oocysts purified by repeated sucrose flotation (1.18 g/cm 3 , 1,200 ϫ g, 5 min) were preincubated in a reducing environment (0.02 M cysteine hydrochloride in 0.85% sodium chloride and 50% CO 2 in air) and suspended in an excystation fluid (0.75% sodium taurocholate and 0.25% trypsin in phosphate-buffered saline [PBS, 0.01 M, pH 7.2]) for 30 min before being inoculated onto host cells. Human rectal tumor (HRT) cells were maintained in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS) at 37°C and 5% CO 2 . Cells were passaged into Leighton tubes and incubated for 48 h before oocyst/sporozoite inoculation. Bright-field and electron microscopy revealed asexual stage development, but no evidence of sexual stages through 3 days postinoculation. Indirect immunofluorescence with immune human sera revealed distinctly reactive life cycle stages.
Current and Long described the development of Cryptosporidium spp. from humans and calves in the endoderm cells of the chorioallantoic membrane (CAM) of chicken embryos maintained at 37°C (16) . There were no morphological differences in the developmental stages of the human and calf isolates grown in chicken embryos, and oocysts collected from the CAM were infectious for suckling mice. Despite this initial report of success in cultivating human and calf Cryptosporidium isolates, no reports completely replicated the results.
In 1984, Current and Haynes described the successful cultivation of a human Cryptosporidium isolate in human fetal lung (HFL), primary chicken kidney (PCK), and porcine kidney . Culture medium consisted of minimal essential medium (MEM) with Earle's salts, 10% FBS, L-glutamine, penicillin (100 IU/ml), streptomycin (100 g/ml), and amphotericin B (0.25 g/ml). Preparations were maintained at 37°C in 5% CO 2 . The authors reported the presence of type I meronts at 96 h, which they interpreted as evidence for asexual stage recycling in culture. Although this report inspired a number of laboratories to pursue HFL cells as a model for Cryptosporidium cultivation, anecdotal reports suggest that the attempts to replicate the success of the original study were disappointing.
Naciri and colleagues reported the successful growth of a human Cryptosporidium isolate in baby hamster kidney (BHK) cells and chicken embryos (36) . Like the isolate used in the previous report, this isolate was originally obtained from an immunocompromised patient and propagated in goats, hence a zoonotic strain. Unlike the previous report of cultivation in chicken embryos, the authors reported the serial transfer of the isolate at weekly intervals. After 45 passages, there were mostly free sporozoites and merozoites in the chorioallantoic fluid. The report identified the isolate as Cryptosporidium muris (51), but the parasite described is morphologically consistent with C. parvum.
The cultivation of Cryptosporidium baileyi (AU-B1 isolate) in chicken embryos was reported by Lindsay and colleagues in 1988 (31) . Oocyst-laden chicken feces were sieved and stored in 2.5% K 2 Cr 2 O 7 at 4°C. Subsequently, oocysts were purified by Sheather's flotation, washed with distilled water, and stored in Hanks' balanced salts solution (HBSS) at 4°C until sanitized by suspension in 0.26% sodium hypochlorite. Residual hypochlorite was removed by washing with HBSS before oocyst inoculation into chicken embryos (4 ϫ 10 5 oocysts/embryo). Embryos were incubated at 40°C up to 6 days (for de novo oocyst recovery). Embryo-generated oocysts were treated with sodium hypochlorite (0.5%, 4°C, 5 min), stored in HBSS (supplemented with 100 IU of penicillin and 100 g of streptomycin per ml) at 4°C, and used to serially propagate the isolate through 20 embryo passages. Efforts to cultivate the C. baileyi isolate in vitro failed in multiple avian and mammalian primary and continuously growing cell lines (16 total) .
Cryptosporidial sporozoite attachment to and invasion of MDCK cells were reported by Lumb and colleagues in 1988 (32) . The authors used a Cryptosporidium isolate obtained from a naturally infected goat kid. Diarrheic goat feces were stored in 1% K 2 Cr 2 O 7 at 4°C, treated with Sputolysin (Boehringer Ingelheim, Ridgefield, Conn.), subjected to ether sedimentation, and further purified with discontinuous Ficoll (Pharmacia, Piscataway, N.J.)-sodium diatrizoate gradients. MDCK cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and HEPES. Electron microscopy revealed numerous asexual stages (meronts) at 48 h postinfection.
Datry and colleagues reported the complete life cycle development of a human (AIDS-related) Cryptosporidium isolate in human colonic adenocarcinoma (Caco-2) cells and primary rat hepatocyte cells (17) . Human stool was stored in 2.5% K 2 Cr 2 O 7 . Oocysts were purified via Sheather's flotation, washed with distilled water, sanitized with 1.75% sodium hypochlorite for 1 h, excysted in trypsin-EDTA-taurocholate at 37°C for 1 h, washed, suspended in DMEM or RPMI, and inoculated onto host cells (10 5 sporozoites/ml). Caco-2 cells (DMEM, 20% FBS) and primary rat hepatocytes (MEM, 10% FBS) performed best for parasite development. Asexual, sexual, and oocyst stages were observed in hepatocyte cultures. Only oocysts were clearly identified in Caco-2 cultures, but other unidentified developing stages were observed.
Mouse L929 fibroblasts were used to cultivate bovine and human isolates of Cryptosporidium spp. for the purpose of testing antimicrobial agents for activity against the in vitro development of the parasite (34) . McDonald and colleagues (34) diluted stool specimens with water, sieved, and, when necessary, defatted the samples by ether sedimentation. The sediment was processed through saturated sodium chloride or Sheather's flotation, and the recovered oocysts were washed with water and stored in 2.5% K 2 Cr 2 O 7 at 4°C. Purified oocyst preparations were washed with HBSS, treated with 0.5% trypsin (in HBSS) at 37°C for 30 min, excysted in 0.4% sodium taurocholate at 37°C for 45 min, washed with culture medium (RPMI 1640), and inoculated onto cells at 10 5 oocysts/culture chamber (24-well plate well or well of eight-chambered slide). Cells were incubated for 24 h at 37°C in candle jars, washed with HBSS, fixed with methanol, and stained with Giemsa stain. The authors noted mostly asexual stages, with modest numbers (less than 10%) of sexual stages at 72 h. Parasite numbers peaked between 48 and 72 h, and no discernible evidence of developmental stage recycling was apparent.
Bonnin and colleagues described the development of asexual stages of Cryptosporidium spp. of bovine and human origin in LGA cells (small intestine carcinoma from Lewis rats) (10) . Human and bovine feces were stored in 2.5% K 2 Cr 2 O 7 at 4°C. Oocysts were purified via flotation on saturated sodium chloride, sanitized by treatment with sodium hypochlorite, excysted in 0.04% sodium taurocholate (in Ham's F10 medium), washed, and inoculated onto cells at 2 ϫ 10 4 sporozoites/0.5 cm 2 . Developing stages were visualized after methanol fixation and Giemsa staining or fixation for transmission electron microscopy.
Differentiated and undifferentiated HT29.74 human colon adenocarcinoma cells were compared for their potential support of C. parvum growth (22) . The human (AIDS-related) oocyst sources that Flanigan and colleagues (22) used for their studies were stored in 2.5% K 2 Cr 2 O 7 at 4°C, sieved (40-gauge stainless steel), purified over saturated sodium chloride shelf gradients, sieved through nylon mesh (30 nm), sanitized with 0.05% sodium hypochlorite (10 min), suspended in an antibiotic mixture (100 IU of penicillin, 0.1 mg of streptomycin, and 0.2 mg of neomycin per ml), and stored at 4°C before inoculation onto HT29.74 cells (maintained at 37°C and 5% CO 2 ). Undifferentiated HT29.74 cells were maintained in RPMI 1640 containing 10% dialyzed FBS, 24 mM sodium bicarbonate, 1 mM sodium pyruvate, 20 mM HEPES, 2 mM L-glutamine, penicillin, and streptomycin, while differentiated HT29.74 cells were maintained in Leibovitz L-15 medium with 10% FBS, 5 mM galactose, 6 mM pyruvate, 1 mM L-glutamine, 20 mM HEPES, penicillin, and streptomycin. Oocysts were inoculated at 10 5 to 10 6 /cm 2 onto host cells. Slide chamber-grown cultures were fixed and stained with hematoxylin and eosin and examined by bright-field microscopy. Differentiated HT29.74 cells supported fivefold-higher levels of parasite development compared to undifferentiated cells. The reported data suggest that the infection efficiency was low and life cycle development was essentially restricted to asexual stages through 72 h postinfection. The model was later used by Wiest and colleagues to show the importance of microtubules in host cell invasion and parasite development (60) . Treatment in vitro with either colchicine or vinblastine significantly reduced parasite numbers in a dose-dependent manner.
Gut and colleagues compared 15 cell lines for their potential support of C. parvum growth in vitro at 37°C and 6% CO 2 (25) . Although complete data were not presented, no growth was observed in 3 cell lines and 11 cell lines supported poor development (less than 0.1% infection), but MDCK and MDBK cells became heavily infected (up to 90%). The authors used a bovine oocyst source (AUCP-1) that was sieved, purified by sucrose density gradient centrifugation, sanitized with undiluted commercial bleach (5% sodium hypochlorite) for 5 min at 4°C, washed with RPMI 1640 medium, and stored at 4°C until used. Sporozoites were excysted by suspending oocysts in 0.75% sodium taurocholate under reduced oxygen, passed through 3-m polycarbonate filters, suspended in culture medium, and inoculated onto host cells. The optimal culture medium reported for MDCK cells was composed of RPMI 1640, 10% FBS, 2.5 g of sodium bicarbonate per liter, 1 mM sodium pyruvate, 2 mM L-glutamine, 100 IU of penicillin per ml, 100 g of streptomycin per ml, 25 mM HEPES, nonessential amino acids, 0.24 U of insulin per ml, 13.6 mg of hypoxanthine per liter, 2.9 mg of thymidine per liter, 50 M 2-mercaptoethanol, 0.1% yeast extract, 1% Ficoll 400, 4.5 g of glucose per liter, FBS (reduced to 1% during parasite development), and 0.1% rabbit bile. Parasite development through sexual stages, including immature oocysts (partial oocyst wall formation) was observed.
While other publications done around the time of the study by Gut and colleagues (25) were encouraging, the success reported in this study provided the impetus for several other laboratories to pursue the in vitro culture of Cryptosporidium spp. more aggressively. The utility of this model for evaluating antibody-mediated life cycle modulation was reported by Doyle and colleagues (18) .
Kuhls and colleagues reported the utility of human embryonic intestine 407 cells (ATCC CCL-6) in studies of the attachment and invasion of sporozoites from a bovine C. parvum isolate (IOWA), but only reported data from 12 to 18 h postinfection (30) . Clear development of asexual stages (meronts or schizonts) was apparent, and treatment with carbohydrates and/or lectins influenced the outcome of infection.
Rasmussen and colleagues described the development of a bovine C. parvum isolate in the human endometrial carcinoma cell line RL95-2 (43). Optimal parasite development was observed in RL95-2 cells cultured for 7 days before parasite inoculation on cover glass disks in a 1:1 mixture of DMEM and Ham's F12 medium supplemented with 10% FBS, 2 g of sodium bicarbonate per liter, 10 mM HEPES, 5 g of bovine insulin, 100 IU of penicillin G per ml, 100 g of streptomycin per ml, and 0.25 g of amphotericin B per liter. Oocysts were treated with 2% sodium hypochlorite (bleach), washed five times with PBS, excysted at 37°C in 0.75% sodium taurocholate and 0.25% trypsin (in PBS), washed with PBS, suspended in culture medium, filtered through 3-m polycarbonate filters (not indicated whether these were absolute or nominal porosity filters), and inoculated onto host cells. After variable culture periods, cells on cover glass disks were washed in phosphate buffer, fixed with Bouin's fixative for 2 h, washed with ethanol (five changes in 1 h), and stained with Giemsa stain. The authors described apparent asexual and sexual stages under bright-field microscopy and possible oocysts via scanning electron microscopy.
While no comparative data were presented, Rosales and colleagues concluded that MDCK cells supported C. parvum development better than Vero, HeLa, and McCoy cells (47) . The authors used oocysts derived from infected calves. MDCK cells were cultured under 5% CO 2 at 37°C in MEM supplemented with 10% FBS. Excysted sporozoites were inoculated onto MDCK cells (12-to 24-h nonconfluent cultures grown on glass cover slips) in MEM without FBS. The inoculum was replaced with MEM plus FBS for periods of up to 120 h. The MDCK cells grew naturally polarized directly on cover glass disks in culture plates or on permeable membrane supports. Cultures on glass disks were removed, fixed with acetone (Ϫ20°C), and stained in order with Alcian blue and Giemsa stains. The authors described all life cycle stages under brightfield microscopy, including asexual stages persisting through 120 h postinoculation, perhaps indicating asexual stage recycling. Researchers from the same laboratory also described the development of a bovine isolate of C. parvum in unsensitized mouse peritoneal macrophages, further emphasizing the ability of this parasite to infect nonepithelial cells (33) . The persistence of the life cycle stages in macrophages was interpreted as evidence of parasite escape from lysosomal degradation.
Arrowood and colleagues introduced a modified MDCK culture system for use in evaluating potential anticryptosporidial agents and to study C. parvum life cycle stage development (6) . With a bovine-derived isolate of C. parvum (IOWA), MDCK and Caco-2 cells were cultivated under 5% CO 2 at 37°C in conventional FBS-supplemented high-glucose DMEM culture medium and compared with MDCK cells cultivated in a synthetic, serum-free culture medium (Ultraculture; BioWhittaker, Walkersville, Md.). The MDCK/Ultraculture-based model outperformed the MDCK (two-to fivefold) and Caco-2 (2-to 20-fold) models with serum-supplemented DMEM in cryptosporidial development. Detailed culture conditions are presented below. The model has been used to evaluate potential anticryptosporidial agents (4, 6, (65) (66) (67) .
Adams and colleagues used colonic epithelial (T84) cells to examine the role of bovine C. parvum infection on host cell membrane integrity and the modulation of macromolecular The authors concluded that C. parvum was responsible for disrupting the epithelial cell barrier, not simply opening transcellular channels for flow. Asexual and sexual life cycle stages were identified in cultures by light and electron microscopy.
In a related study, Griffiths and colleagues examined the impact of cryptosporidial infection on Caco-2 cells grown on permeable membrane supports (24) . Two isolates of C. parvum (human and bovine) were inoculated onto Caco-2 and Caco-2a cells grown under 5% CO 2 at 37°C in DMEM supplemented with 20% FBS and 3.5 g of glucose per liter. Transmonolayer resistance (as a measure of membrane integrity and permeability) declined in a dose-and time-dependent manner following parasite inoculation. Molecules smaller than 1 kDa leaked through the monolayers, while proteins of 1.8 kDa or larger were excluded. Cellular lactate dehydrogenase was released into the culture medium on the apical side of the monolayer (where the parasites are located), but not on the basal side. Propidium iodide uptake by infected cells was interpreted as evidence that cryptosporidial infection killed host cells. Results did not achieve significance until data for both human and bovine isolates were pooled; either data set alone was not significant.
Primary bovine fallopian tube epithelial cells were described by Yang and colleagues as efficient hosts for a bovine C. parvum isolate (64). The authors described the examination of cells grown on cover slips following Giemsa staining and examination by scanning and transmission electron microscopy. Mice inoculated with infected monolayers developed patent cryptosporidial infections. The authors concluded that the monolayers contained de novo mature, infectious oocysts, because ethanol treatment of the monolayer did not prevent infection (life cycle stages other than oocysts were presumably killed by the ethanol treatment). The lengthy description of host cell isolation, establishment in culture, and electron microscopy methods is not summarized here, and the reader is directed to the original publication for complete details.
Upton and colleagues have published several studies examining the role of atmospheric conditions and medium composition on the performance of various cell lines supporting C. parvum in vitro development (19, 38, (52) (53) (54) (55) (56) (57) 62) . Ultimately, human colonic tumor (HCT-8) cells have performed best for these investigators when cultivated under 5% CO 2 at 37°C in RPMI 1640 basal medium supplemented with 2 mM L-glutamine, 15 mM HEPES buffer, 50 mM glucose, 35 g of ascorbic acid per ml, 4.0 g of paraaminobenzoic acid per ml, 2.0 g of calcium pantothenate per ml, and 1.0 g of folic acid per ml. The medium was filter sterilized after adjusting the pH to 7.4, and 10% FBS was added. When needed, recommended antibiotic supplements were 100 U of penicillin, 100 g of streptomycin, and 0.25 g of amphotericin B per ml.
CRYOPRESERVATION
Despite promising studies, no validated methods exist for cryopreserving C. parvum oocysts or sporozoites (21, 48) . A variety of standard conditions have been tried, including the use of dimethyl sulfoxide, glycerol, and an extracellular matrix (hydroxyethyl starch) previously reported to be useful for cryopreserving Plasmodium spp. (29), without success. Attempts to cryopreserve infected cell cultures have similarly failed (data not shown). This methodologic deficiency continues to impede the establishment of standardized cryptosporidial isolates or cloned stocks.
OOCYST SOURCES FOR IN VITRO CULTIVATION STUDIES
Although no cloned stocks of C. parvum isolates are yet available, oocysts can be obtained from several research or commercial sources. Given the typical C. parvum-like morphology, bovine origin, or livestock passage, it is probably safe to say that most of the in vitro cultivation studies used zoonotic strains of C. parvum. The use of other strains or species has been limited, but in general studies employed oocysts derived from clinical isolates. Workers in my laboratory have inoculated MDCK, Caco-2, and HCT-8 cells with both anthroponotic and zoonotic strains of C. parvum and observed successful development through to sexual stages (6) . While partial to complete oocyst wall formation was evident in these cultures, significant development of mature oocysts has not been seen. Short-and long-term growth of zoonotic and anthroponotic isolates has been reported in HCT-8 cells (28) .
STOOL COLLECTION AND PROCESSING FOR OOCYST RECOVERY
Cryptosporidium oocysts for in vitro cultivation studies have primarily come from clinical human or veterinary stool samples or from experimentally infected laboratory animals or livestock. Zoonotic C. parvum oocysts can be generated in small to moderate numbers in rodent animal models, but largescale production is generally accomplished in neonatal livestock, especially bovine calves and goat kids (3, 5, 14, 52) . Workers in my laboratory have introduced a number of improvements in the production and purification process for calfderived oocysts to minimize labor, consumption of materials, and generation of hazardous waste (3). Stool specimens may be collected fresh into tap water or saline or suspended in a storage medium composed of aqueous K 2 Cr 2 O 7 (2.5% [wt/vol] final concentration), often accomplished by mixing equal volumes of liquid stool with 5% (wt/vol) aqueous K 2 Cr 2 O 7 . The latter approach is attractive in that oocysts remain infectious for extended periods (Ͼ6 months) as long as the stool is stored at 4 to 8°C. An additional advantage is that the K 2 Cr 2 O 7 effectively kills most viruses, vegetative bacteria, and fungi and significantly reduces offensive fecal odors.
Because oocysts are resistant to routine disinfection and remain infectious for extended periods, laboratory manipulation of these agents should be conducted under level 2 biological hazard conditions (2, 9, 11, 40) . Human stool specimens as sources of oocysts are often defatted with organic solvents (especially diethyl ether or ethyl acetate) before further processing in order to enhance oocyst recovery and purity (14) . Stools containing high levels of mucus may benefit from treatment with reducing agents (e.g., Sputolysin) or potassium hydroxide (0.1%) treatment at room temperature for 10 min, followed by centrifugation (1,500 ϫ g, 10 min). Otherwise, oocysts may not adequately sediment from the stool suspension. Fat removal and mucus dissolution may shorten the shelf life (viability or infectivity) of the oocysts (data not shown). Symptomatic cryptosporidial infections in humans are usually associated with substantial oocyst numbers in stool samples (13) . However, intermittent and variable oocyst excretion patterns were reported among symptomatic and asymptomatic individuals experimentally infected with C. parvum (12) . The latter finding illustrates the difficulty often encountered when trying to obtain substantial quantities of human-derived oocysts for experimental study.
This laboratory routinely process K 2 Cr 2 O 7 -stabilized stool through 20-and 60-mesh stainless steel sieves to remove large debris. The sieved stool sample is applied to discontinuous sucrose gradients (scaled according to the available volume of sieved stool sample) essentially as described previously (3, 5) . Large-scale gradients are prepared in 200-ml polycarbonate bottles by layering 80 ml of a 1.103-specific gravity sucrose solution beneath 80 ml of a 1.064-specific gravity sucrose solution. The respective solutions are prepared by diluting Sheather's solution (500 g of sucrose, 320 ml of H 2 O, 9 ml of aqueous phenol [85%]) into PBS and adding Tween 80. The 1.103-specific gravity sucrose solution contains 300 ml of Sheather's solution, 600 ml of PBS, and 9 ml of Tween 80; the 1.064-specific gravity sucrose solution contains 200 ml of Sheather's solution, 800 ml of PBS, and 9 ml of Tween 80. Forty milliliters of the sieved stool sample are overlaid onto the sucrose gradients, and the bottles are centrifuged at 1,000 ϫ g for 25 min. The top layer is discarded (approximately 60 ml), and the oocyst-enriched layer occupying the interface between the sucrose layers (approximately 100 ml) is transferred to conical 175-ml polycarbonate or polypropylene centrifuge bottles (Nalgene). The oocyst-containing fraction is diluted to 175 ml with saline, and the bottles are centrifuged at 1,500 ϫ g for 10 min. Two pellets (bottles) are pooled, washed with saline (1,500 ϫ g, 10 min), and resuspended in 40 ml of K 2 Cr 2 O 7 . Secondary gradients are prepared and processed as described above, except the sample overlaid is the 40-ml primary gradient-purified oocyst fraction. The pellets collected from the secondary gradients are resuspended to 40 ml in K 2 Cr 2 O 7 and stored at 4°C.
Final oocyst purification is accomplished with a simple, microscale cesium chloride (CsCl) gradient technique (3). The secondary sucrose gradient-purified oocyst fractions are centrifuged (1,500 ϫ g, 10 min) and resuspended in 3 ml of saline. Siliconized 1.7-ml polypropylene microcentrifuge tubes are filled with 750 l of cesium chloride (specific gravity 1.15 ϭ 21.8 g of CsCl, 103.3 ml of deionized H 2 O). Oocyst suspension aliquots (500 l) are carefully layered over the CsCl solution and centrifuged at 16,000 ϫ g (approximately 13,200 rpm) for 3 min in a standard microcentrifuge. The upper 1-ml layers are collected, transferred to clean, siliconized 1.7-ml microcentrifuge tubes, diluted to 1.5 ml with saline, and centrifuged (16, 000 ϫ g, 3 min) . Pellets from six tubes, corresponding to the original secondary oocyst fraction, are pooled, washed a second time with saline, resuspended in 1 ml of 2.5% K 2 Cr 2 O 7 , and stored at 4°C. At this point, oocysts are essentially free of gross debris and contaminating microorganisms. The few remaining bacteria are usually nonviable carcasses. Figure 1 summarizes the oocyst purification process.
Purified sporozoites can be obtained by Percoll gradient separation (5, 37, 52), cellulose ion exchange column chromatography (37, 44, 52 ), or simple filtration through 2-or 3-m polycarbonate track etch membranes (14, 25, 66) . A caveat regarding purifying cryptosporidial sporozoites is that they are somewhat fragile and perform best when handled least. Indeed, in my laboratory, excystation in advance of purification is best accomplished with synthetic sodium taurocholate, as crude taurocholate preparations quickly cause sporozoites to "round up" or appear "stumpy" and presumably interfere with invasion potential.
ROUTINE IN VITRO CULTIVATION

Oocyst and Sporozoite Preparation for Inoculation onto
Cell Cultures Figure 2 summarizes the process of establishing cryptosporidial infections in cell cultures with cryptosporidial oocysts (or purified sporozoites). In vitro culture is established by inoculating whole oocysts, mixtures of intact oocysts, excysted oocysts, and free sporozoites, or purified sporozoites. Each approach can achieve infection, but the efficiency of infection may be negatively impacted by oocyst age, excystation efficiency, or sporozoite integrity following purification. Excystation will often proceed in the cell culture medium soon after inoculation onto host cells, even without specific treatment to trigger it. Traditionally, oocysts have been suspended in a trypsin and sodium taurocholate solution (0.25% and 0.75%, respectively) prepared in a buffered salt solution (e.g., PBS or HBSS), sometimes simultaneously or in ordered sequence. Unless the oocyst source is old (Ͼ6 months), I prefer to use 0.75% synthetic sodium taurocholate alone in DMEM basal medium, incubating at 37°C for 10 to 15 min (as a trigger) or for 45 to 60 min for total sporozoite release.
Some investigators treat purified oocysts with sodium hypochlorite (dilute commercial bleach) at a 1:10 dilution (or even undiluted) for approximately 10 min at 4°C. The bleach is washed out (or neutralized with 0.1% sodium thiosulfate), and the oocysts are inoculated onto host cells. The bleach treatment triggers excystation (or at least may enhance overall excystation rates) and can provide additional sanitization of the oocyst sample in order to prevent unwanted microbial contamination of the host cells. I have not found the bleach step necessary in my studies and actively avoid it when performing disinfection or survival studies, as the bleach treatment may impact (damage) the disinfectant-weakened oocysts. Most oocyst preparations processed and stored in the presence of 2.5% K 2 Cr 2 O 7 rarely have viable microbial contaminants if aseptic techniques are used during the postpurification handling of the samples.
Oocyst Labeling To Differentiate Inocula from Developing Parasites
A very simple technique for labeling inoculated oocysts facilitates differentiating the inoculated oocysts, oocyst walls, and contaminating organic debris (e.g., microbial carcasses) from de novo parasite life cycle stages (3). To minimize oocyst losses, I use siliconized microcentrifuge tubes throughout the method. Briefly, sucrose and cesium chloride gradient-purified oocysts are washed with acetate buffer (0.1 M acetate [pH 5.5] supplemented with 0.85% NaCl), suspended in acetate buffer supplemented with sodium periodate (10 mM, prepared fresh) for 20 min on ice, microcentrifuge washed (3 min, as above) with PBS-bovine serum albumin (BSA) (0.1 M PBS supplemented with 0.1% BSA), and suspended in 1 ml of acetate buffer supplemented with 150 g of fluorescein thiosemicarbazide (FTSC; catalog no. 46985; Sigma Chemical Company, St. Louis, Mo.; 10ϫ concentrate prepared fresh in dimethyl sulfoxide) per ml for 1 h at room temperature, protected from light. Unbound FTSC is removed by washing twice in PBS-BSA in the microcentrifuge. FTSC is bound to the periodic acid-oxidized carbohydrates, yielding highly fluorescent oocyst walls, bacteria, and other carbohydrate-rich organic debris.
Sporozoites within oocysts remain unlabeled. By selecting appropriate detecting reagents and fluorochromes, the labeled inocula are easily distinguished from developing parasites by fluorescence microscopy.
Host Cell Preparation and Recommended Parasite Inoculum Densities
MDCK or HCT-8 cells are split and inoculated into appropriate culture chambers at ratios that will yield confluent monolayers within 48 to 96 h (I routinely use the latter time frame). Oocysts are generally inoculated at a ratio of 500 to 1,000 per cm 2 of host cell monolayer (see Table 3 for ratios used with a variety of culture containers). Inoculum densities much higher than these promote monolayer damage and sloughing. I routinely observe an infection efficiency of approximately 5 to 10%, based on the numbers of oocysts inoculated, the excystation rate, the typical yield of sporozoites, and the common observation that not all sporozoites will attach and invade host cells (some attach and detach without invading). Parasite numbers reach a maximum approximately 48 to 72 h after inoculation. A general rule of thumb is that developing stage numbers will equal (or roughly double) the number of original oocysts or sporozoites in the inoculum. Some investigators observe increased infection efficiencies if the original inocula are gently centrifuged onto the host cell monolayers (58) .
Parasite Enumeration in Culture
Parasite development can be assessed with a variety of tools, including direct and immunofluorescence microscopy (4, 6, 49, 50) , enzyme immunoassay (57, 62, 65, 67) , and PCR assays (45, 46) . Incorporation of exogenous uracil as a measure of parasite development was reported (56) but has not been successfully implemented by independent laboratories (unpublished data). ware-assisted analysis. HCT-8 cells, however, grow much more three-dimensionally (hills and valleys), complicating image capture-based microscopic analyses. However, both cell lines are well suited for real-time microscopy and for nonmicroscopic assays.
Immunofluorescence Identification of Parasites in Cell Cultures
A variety of antibody reagents (both polyclonal and monoclonal) have been used for immunofluorescence visualization of life cycle stages. I accomplish immunofluorescence imaging by rinsing inoculated cultures with PBS, fixing with Bouin's solution for 1 h, and decolorizing with 70% ethanol (five changes) for 1 h. Bouin's fixation enhances monolayer adhesion to culture chamber surfaces, especially glass. Monolayers are subsequently washed with PBS, and labeled (60 min at room temperature) with neat hybridoma culture supernatant containing a Cryptosporidium-specific monoclonal antibody (C3C3) or with C3C3 directly labeled with a fluorescent dye (fluorescein or indocarbocyanine [Research Organics, Cleveland, Ohio]). If nuclear staining is desired, primary antibody labeling solutions are supplemented with DAPI (4Ј,6Ј-diamidino-2-phenylindole, 0.25 g/ml). The cultures with unlabeled primary antibody are subsequently labeled (60 min at room temperature) with an appropriate secondary reagent (e.g., indocarbocyanine-labeled goat anti-mouse immunoglobulin). Labeled cell cultures are washed with PBS-BSA, coverslipped with mounting medium (supplemented with an antiquenching agent), and observed with a UV microscope. A suitable, long-term mounting medium can be prepared with 2.4 g of polyvinyl alcohol (Sigma P8136), 6 g of glycerol, 6 ml of H 2 O, 12 ml of 0.2 M Tris buffer (pH 8.5), and 2.5% (wt/vol) of the antiquenching agent DABCO (1,4-diazabicyclo-[2.2.2]-octane) (dissolve in the order listed and warm briefly to 50°C to dissolve completely) (26) . The unused mounting medium can be stored at Ϫ20°C for several months.
Life cycle stages are identified by reactivity with monoclonal antibody, by size, and, if DAPI is employed, by distinctive nuclear staining. Only meronts and gamonts (Ϸ3 m) are enumerated to avoid counting nonviable but adherent sporozoites or merozoites. Developing stages (meronts and gamonts) are quantified as number per square millimeter with a variation of the formula reported by Augustine (7): stages per square millimeter ϭ [(total number of stages in 30 fields)/(K ϫ PC)], where PC is the average percent confluence for each field and the constant K represents the area (in square millimeters) of 30 microscopic fields (4, 6) .
Alternatively, the entire monolayer is scanned at ϫ200 magnification and scored per field as containing or not containing life cycle stages in order to calculate the percentage of positive fields. Several publications give detailed descriptions of parasite enumeration techniques (4, 6, 50; H. L. Heindel, S. A. Hardy, A. Amirtharajah, and M. J. Arrowood, paper presented at the Proc. Am. Water Works Assoc. Water Quality Technol. Conf., Tampa, Fla., 31 October-3 November 1999). An advantage of the microscopic methods is the ability to identify very small numbers of developing parasites (even single meronts and gamonts). Trophozoites at an early stage of development are indistinguishable from newly invaded sporozoites or merozoites. Some sporozoites and merozoites never invade host cells but may attach to cell surfaces and round-up and appear to have entered the host cells, while others invade host cells and fail to develop further.
To avoid confusion, developing stages are discounted if smaller than 3 to 4 m in diameter, thus restricting quantification to maturing meronts and gamonts. Nonmicroscopic methods often have a higher threshold of detection or may risk detecting antigens or nucleic acids that are part of the parasite inoculum. Figure 3 presents several microscopic views of C. parvum in culture, including differential interference contrast views of invading sporozoites, asexual and sexual stages, and DAPI-labeled parasite nuclei. Differentiation of the inoculum (oocysts and oocyst walls) from de novo parasites with the FTSC labeling technique described above is illustrated. When combined with contrasting antibody-fluorescent dye labels, differentiation of life cycle stages, including culture-derived oocysts, is readily accomplished.
CONCLUDING REMARKS
Truly ideal and routine methods that support cryptosporidial development in vitro are not yet available. Methods that permit continuous development (as is routinely used with Toxoplasma spp.), efficient production of mature, infectious oocysts, and cryopreservation methods that would allow cloned stocks to be developed are missing. Consequently, primary isolates from clinical specimens are quite valuable for ongoing research studies. This is particularly true of the anthroponotic isolates, which are difficult, if not impossible, to propagate in animal models. If specimens are collected for studies requiring viable (nonfixed) oocysts, they should be stored unpreserved or in aqueous K 2 Cr 2 O 7 at 4°C.
Until effective therapeutic agents are available and when questions of variable susceptibility arise, cryptosporidial cell culture will be of limited value in the clinical diagnostic microbiology laboratory and remain primarily a research tool. Despite limitations in the in vitro cultivation of Cryptosporidium spp., current methods are useful for assessing potential drug therapies, oocyst disinfection methods, gene expression, and a variety of biologic characteristics of this difficult but intriguing parasite.
